Neurogenesis in the hippocampus is characterized by the birth of thousand of cells that generate neurons throughout life. The fate of these adult newborn neurons depends on life experiences. In particular, spatial learning promotes the survival and death of new neurons. Whether learning influences the development of the dendritic tree of the surviving neurons (a key parameter for synaptic integration and signal processing) is unknown. Here we show that learning accelerates the maturation of their dendritic trees and their integration into the hippocampal network. We demonstrate that these learning effects on dendritic arbors are homeostatically regulated, persist for several months, and are specific to neurons born during adulthood. Finally, we show that this dendritic shaping depends on the cognitive demand and relies on the activation of NMDA receptors. In the search for the structural changes underlying long-term memory, these findings lead to the conclusion that shaping neo-networks is important in forming spatial memories.
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adult neurogenesis | memory | spatial learning | hippocampus | dendrite I n the search for the mechanisms underlying long-term memory formation, structural changes have been proposed to play a major role (1) . Adult neurogenesis, a novel form of structural plasticity, occurs in the dentate gyrus (DG), a key structure in processing spatial relational memory (2) . Adult neurogenesis in the DG is a complex, multistep process that starts with the proliferation of neural precursors residing in the dentate subgranular layer (2) . At least 50% of the daughter cells die within a few days after their birth. The adult-born cells that survive this initial period of cell death differentiate mainly into granule neurons. These new mature neurons are synaptically integrated into the dentate network, where they receive functional inputs (3) and form functional synapses with their target cells (4) .
Adult-born neurons contribute to the formation of memories, particularly spatial memory as measured in the water maze (5, 6) . Reciprocally, spatial learning has been shown to influence adult neurogenesis (7) . We have shown that during spatial learning and similar to the selective stabilization process observed during brain development, neuronal networks are sculpted by a tightly regulated selection and suppression of different populations of newly born neurons (8) . This homeostatic regulation of the numbers of newly born neurons is important for spatial memory, because its alteration leads to memory deficits (8, 9) .
One of the requirements for the new neurons to process information is the development of extensive dendritic arbors capable of receiving and integrating complex spatiotemporal patterns of synaptic inputs (4) . Whether learning influences such a dendritic development is unknown. To address this issue, we used doublecortin (Dcx) and retroviral labeling to examine to what extent spatial learning in the water maze affects the dendritic morphology of adult-born neurons. Furthermore, we investigated whether the level of cognitive demand influences the development of new neurons and the mechanisms underlying these learning-induced changes in adult neurogenesis. We found that spatial learning sculpts newborn neurons not only by regulating their number, but also by shaping their dendritic arbor. Spatial learning increases the complexity of the dendritic arbor, an effect depending on the cognitive demand of the task and NMDA receptors.
Results

Spatial Learning Increases the Complexity of the Dendritic Arbor of
Adult Newborn Neurons. We and others have previously shown that spatial learning increases the survival of newborn neurons that were produced 1 week before the start of the training (7, 8) . We thus analyzed the effects of learning on the development of their dendritic arbor, a key element in receiving and processing information. To do so, we injected BrdU 1 week before training and analyzed the expression of Dcx in the newly born neurons labeled with BrdU. Dcx is a cytoplasmic protein associated with neuronal differentiation and neurite elongation, which is exclusively expressed in immature neurons from 1 day to 4 weeks of age (10) , thereby permitting the analysis of the dendritic arbor of the newly born cells. We used a classic water maze protocol of reference memory [learning reference memory (L-RM)]. Animals were trained for 6 days and killed on the next day (Fig. 1A and Table S1 , experiment 1a). In this experiment and subsequent experiments, only control animals consisting of home-caged rats were included, because we have previously shown that the rate of adult neurogenesis (cell survival, cell proliferation, and cell death) in these animals does not differ from that measured in animals with a similar swimming experience or animals trained in the visible platform protocol (8, 9, 11) . We first verified that spatial learning increased cell survival by analyzing the number of BrdU-immunoreactive (IR) cells in the DG. As expected, it was greater in the L-RM group compared with controls (Fig.  1B) . A more detailed analysis indicated that learning increased BrdU cell numbers throughout the septotemporal axis of the DG (Fig. S1A) . Because the morphological analysis of BrdU/Dcx-IR cells was performed on four septal sections (P: 2.8-4.16 mm from the bregma), we verified that within these sections, the number of BrdU-IR cells was higher in the L-RM group compared with controls (Fig. S1B ). Morphological analysis of BrdU-Dcx-IR neurons (Fig. 1C) showed that spatial learning shapes their dendritic arbor (Fig. 1D) . A quantitative analysis found greater dendritic lengths, numbers of dendritic nodes, and numbers of dendritic ends were higher in L-RM animals compared with controls (Fig. 1 E-G) . Conversely, the size of the cell bodies remained unchanged (controls,: 55.59 ± 2.9 μm 2 ; L-RM, 52.50 ± 7.9 μm 2 ; t 15 = 0.9; P = 0.3). By performing the concentric circle analysis of Sholl (12), we further examined dendritic morphological features, particularly the extent of dendritic growth away from the soma and the branching of dendrites at various distances from the soma. This analysis revealed that the dendritic length was greater in the L-RM group compared with controls, an effect due to an increased number of dendritic branches extending beyond 50-150 μm (Fig. S2A) . A similar result was obtained for the number of dendrites that crossed the various radial distances from the soma (Fig. S2B) .
We next performed the same analysis on neurons born during the early phase of training (Table S1 , experiment 1b). We had previously shown that spatial learning promotes the death of some of the immature neurons produced during either the early phase of training or 3 days before training (8) . Thus, the spared adult-born neurons are selected by learning. We asked whether learning influences the development of the surviving new neurons that are younger than those examined in the previous experiment. We first analyzed the number of BrdU-IR cells on four sections and found a reduction in the number of newly born cells ( Fig. 2A) . We then analyzed the dendritic arbor of BrdU-Dcx-IR neurons. The results showed that the dendritic arbor was more developed in the group of animals that underwent training (Fig. 2 B-D) . Indeed, the dendritic lengths, as well as the numbers of dendritic nodes and ends, were increased in L-RM animals compared with controls. Sholl analysis revealed greater dendritic lengths and numbers of crossing dendrites were higher in the L-RM group compared with controls, an effect more pronounced for the dendritic branches extending beyond 75-125 μm from the soma (Fig. S2 C and D) .
Taken together, the results from these two experiments show that newborn neurons selected by spatial learning exhibit a more complex dendritic arbor than "naïve" newborn neurons.
Dendritic Arbor Is Regulated in a Homeostatic Manner. We recently showed that learning promotes the survival of relatively mature neurons at the expense of more immature cells that are removed from the dentate network, demonstrating a homeostatic regulation of the number of new neurons by learning (8) . Indeed, in this study we used the pan-caspase inhibitor z-Val-Ala-Asp fluoromethylketone (zVAD) to block apoptosis. zVAD was infused during training. We have shown that the infusions block apoptosis of the youngest neurons (generated 3 days before training), as well as survival of the oldest new neurons (generated 7 days before training), and impair spatial learning (8) . We hypothesized that these two neuronal populations are in competition for available space, and that the cells rescued are those that are successfully connected. For this reason, we investigated whether the dendritic arbor developments of different populations of adult-born neurons are interrelated events and thus subject to a homeostatic regulation. Animals were injected 7 days and 3 days before training with BrdU analogues IdU and CldU, respectively, and zVAD was injected at the end of the fourth through sixth days of training (see ref. 8) (Table S1 , experiment 2). We first verified on four septal sections the blockage of a learning-induced increase in IdU-IR cells and a learning-induced decrease in CldU-IR cells in zVADinfused animals ( Fig. 3 A and B) . We then analyzed the dendritic morphology of IdU-Dcx-IR cells and CldU-Dcx IR cells. Although the zVAD infusion did not influence development of the dendritic arbor of IdU-Dcx-IR cells or CldU-Dcx IR cells (Fig. S3 A and B) , this treatment hindered learning-induced increases in dendritic lengths ( Fig. 3 C and D) and the numbers of dendritic nodes and dendritic terminals (Fig. S3 C-F) . Thus, the neurons that were present were less developed compared with those of vehicle animals subjected to training. Altogether, these results demonstrate that the dendritic arbor modifications of different populations of new neurons in response to learning are interrelated events.
Learning-Induced Changes in the Dendritic Arbor Are Long-Lasting.
We next wished to determine whether learning-induced changes in the dendritic arbor persisted over a long period or was subjected to a selective regressive process as described during development (13) . Because Dcx is expressed only transiently in newborn neurons (10), we labeled the newborn neurons by infecting the DG region with a retrovirus produced by the vector CAG-GFP (14) . BrdU was injected on the same day. Four groups of animals were trained 7 days later in the L-RM and killed 1 day or 1, 2, or 3 months after training (Table S1 , experiment 3). We first verified that the learning increase in BrdU-IR cell numbers was maintained over time. Then the morphological analysis of GFP-labeled neurons of animals revealed that the L-RM group had longer dendrites ( Fig. 4 and Fig. S4 ) with more nodes and more ends ( Table S2 ), indicating that the learning effect on dendrite morphological changes is maintained over a long period.
Learning Effect on Dendritic Spines on Neurons Born During Adulthood.
In the next step, we refined our analysis by determining whether learning affected the formation of dendritic spines that indirectly reflect the presence of inputs. We analyzed the spine density and shape of new neurons in naïve rats and rats trained in RM and killed 3 months after training. The morphological analysis of GFP- (D) Number of endings (t 11 = −2.79; P < 0.05). C, n = 6; L-RM, n = 7. *P ≤ 0.05; ***P ≤ 0.001 compared with control. labeled neurons revealed that adult-born neurons of L-RM animals had more spines compared with controls (Fig. 5A) . We analyzed the shape of each spine and found that L-RM animals had wider and longer spines compared with controls ( Fig. 5 B and C). Spines were then divided into two categories, thin and mushrooms, based on head and neck size. The L-RM group had more thin spines and mushroom spines compared with controls ( Fig.  5D ). More interestingly, there were 3-fold more mushroom spines than thin spines, suggesting accelerated spine maturation. We confirmed this by examining the dendritic spine density of new neurons in naïve rats and rats trained in the RM and killed 1 week after training. At this developmental stage, spines were more numerous in adult-born neurons of L-RM animals compared with controls and already were receiving some dendritic input, as revealed by synaptophysin ( Fig. 5 E and F) .
Learning-Induced Changes on Dendritic Arbor Are Specific to Neurons
Born During Adulthood. To investigate whether learning was also regulating the dendritic development of mature neurons, we used the lentiviral vector pTRIPΔU3-MND-Dsred2-WPRE, which labels all neurons. The lentivirus was injected 1 week before training (L-RM), and animals were killed 1 day after the end of the behavioral procedure (Table S1 , experiment 4). Analysis of the morphological features of mature neurons of trained animals compared with homecage rats ( Fig. S5A ) revealed no differences in dendritic arborization. The length of the dendrites and numbers of nodes and ends were the same in both groups ( Fig. S5B-D) . Likewise, Sholl analysis demonstrated no differences ( Fig. S5 E and F) . These results show that learning specifically affects the development of the dendritic arbor of adult-born neurons.
Learning-Induced Changes in the Dendritic Arbor Are Governed by the Cognitive Demand of the Task. We next explored whether the level of cognitive demand influences the morphological development of new neurons. To do so, we used the delayed matching-toplace (DMP) task, which has greater cognitive demands than the L-RM task (15) . In this procedure, animals are trained to escape onto a hidden platform, but, in contrast to the RM version, the position of the platform is changed daily. Its position is kept constant within each daily session. This task has been shown to be more demanding, because the animal not only has to acquire the spatial environment to find the platform, but must also update its memory to perform the task. Thus, the cognitive load on the hippocampus is greater, because this latter task supports incremental learning, as the RM model does, as well as fast one-trial learning. We first examined how the learning associated with both RM (L-RM) and DMP (L-DMP) affects newborn neuron survival, cell death, and cell proliferation to ensure that both versions of the water maze regulate neurogenesis in a homeostatic manner (Table S1 , experiment 5; Fig. 6 A-D). We then examined the dendritic development of adult-born neurons and labeled them with BrdU 1 week before training. Our results demonstrate that spatial learning increased dendritic arbor complexity, as shown by the significant increase in the dendritic length (Fig. 6E ) and the number of dendritic nodes and ends (Fig. S6 A-C) . In these conditions, the size of the cell body remained unchanged More importantly, the effect of learning on dendritic growth was more pronounced in the L-DMP group, in which the cognitive task was more demanding. These results reveal that increasing the cognitive demand further increases dendritic growth. We then explored whether learning accelerates neuronal maturation by quantifying the BrdU-IR cells expressing NeuN, a marker of mature neurons (Fig. 6F) . Spatial learning increased the percentage of BrdU-NeuN-IR cells, an effect that was more pronounced in the L-DMP group (Fig. 6G) . These results show that learning accelerated the development of the adultborn neurons (dendritic arbor and neuronal maturation) as a function of the cognitive demand.
Learning-Induced Changes in the Dendritic Arbor Depend on NMDA Receptors. Because NMDA receptors (NMDARs) play a crucial role in spatial memory (15) , regulate dendritic development (16) (17) (18) and are present on adult-born neurons (19, 20) , we next investigated their possible involvement in learning-induced changes in neurogenesis (Table S1 , experiment 6). We used the DMP protocol because we had shown that this protocol induced the most pronounced morphological changes. To investigate the role of NMDARs, we used a selective antagonist of these receptors, 2-amino-5-phosphonovaleric acid (APV), which was infused into the lateral ventricle for the entire training period. As reported previously (15) , APV infusion impaired DMP learning (Fig. 7A) . Interestingly, although AVP did not modify basal neurogenesis, it did abolish learning-induced changes in neurogenesis ( Fig. 7 B-D) . Indeed, the increases in cell survival, cell death, and cell proliferation occurring during the learning process were all inhibited after blockage of NMDAR. The increased dendritic arbor complexity induced by learning was also disrupted by APV infusions (Fig. 7 E-G) ; dendritic lengths and the numbers of nodes and ends were all reduced in APV-treated DMP rats compared with nontreated rats. Finally, APV treatment also blocked the effect of learning on the maturation of new neurons (Fig. 7H) . To confirm the effect of NMDAR blockade on the learning effect on neurogenesis, we used another NMDA antagonist, MK801. As was found with APV, MK801 disrupted DMP learning, learning-induced increases in cell survival, and learning-induced increases in dendritic arbor complexity. Indeed, dendritic lengths and the numbers of nodes and ends were all reduced in MK801-treated DMP rats compared with nontreated rats (Fig. S7) . Number of thin spines and mushroom spines (% compared with control) (thin spines, t 8 = -5.06, P < 0.001; mushroom spines, t 8 = −5.75, P < 0.001). (E) Number of spines (per 40 μm) in neurons generated 1 week before the task (t 15 = −3.53, P < 0.01). (F) Three-dimensional reconstruction of a confocal photomicrograph of a GFP-IR dendrite (green) contacted by synaptophysin (red) fibers. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 compared with control.
Taken together, these findings demonstrate that the learning-induced changes in adult neurogenesis depend on NMDARs.
Discussion
Our results indicate that spatial learning regulates adult hippocampal neurogenesis not only by regulating the number of surviving adult-born neurons, but also by accelerating their development. We found that spatial learning increases the complexity of the dendritic arbor and accelerates the differentiation of newborn neurons toward a mature neuronal phenotype. Using retrovirus labeling, we also found that learning-induced changes in new neurons are longlasting and are specific to adult-born neurons. Finally, we also report that this learning-induced shaping is a function of the cognitive demand of the task and depends on NMDARs.
Analyses of the developmental pattern of newborn neurons in "normal conditions" have shown that by 6 weeks after birth, the dendritic arbors of adult-born neurons resemble those of mature neurons (3, 14, 21) . The few studies that have examined the longterm development of adult-born neurons have reported an evolution in their morphology (e.g., spine numbers) over a period of several months (3, 4, 22 ). Here we show that the dendritic arbors of newborn neurons can continue to develop over 3 months, a time at which they have still not reached maturity. Indeed, these dendritic arbors were still not as developed as those of mature neurons, reinforcing the idea that the development of adult-born neurons is a long-lasting process, with maturation completed even later than was originally demonstrated.
We also demonstrated that spatial learning in the water maze (L-RM) increased dendritic complexity, as shown by the increased numbers of nodes and endings and increased dendritic lengths. These results suggest that learning might accelerate the development of newborn neurons reaching a mature stage. Indeed, the percentage of BrdU-NeuN neurons was increased in animals subjected to spatial training. Furthermore, spines appeared earlier in animals that learned the task, and 3-month-old adult-born neurons in the learning group exhibited a higher proportion of mature spines (mushroom) than immature spines (thin). A previous study found no learning-induced changes in dendritic development (21) , most likely due to the nontimed nature of the study (in which a heterogeneous neuronal population was examined) and/or a lack of survival-promoting effects of learning (23) . Surprisingly, the effects that we describe here are in the range of (and even exceed), those obtained after 4 weeks of treatment with fluoxetine (24), indicating that the activity generated during learning is a powerful stimulus for regulating neo-dendritic maturation. Interestingly, the effect of learning on the shaping of the dendritic arbor was specific to adultborn neurons. Indeed, our analysis of the morphological changes of mature neurons revealed no effect of learning. Even if learning influences the structural remodeling of mature networks at the level of spines or synapses (25, 26) , our results emphasize the robust role of neurogenesis in structural changes underlying memory processes.
During development, regressive events have been described at two different stages: (i) After an initial phase of cell proliferation, a fraction of neurons die, and (ii) at a later stage, after an initial overproduction of contacts, dendritic branches are eliminated without significant changes in cell numbers (13) . This selective elimination of intercell "contacts" subserves an increased specificity in connections. For this reason, we examined the long-term development of dendritic arbors using a GFP recombinant retrovirus specifically incorporated into dividing cells. We found that the learning-induced dendritic growth was maintained for at least 3 months, indicating a lack of competitive rearrangements. Thus, contrary to what is seen during development, there does not appear to be an overproduction of dendritic branches followed by the elimination of some of these branches during maturation. Nonetheless, we cannot exclude the possibility that regressive events occur later, a hypothesis that remains to be tested.
Learning-induced dendritic shaping involved two populations of new neurons that were born at different times relative to training. The oldest population comprised new neurons generated 1 week before the start of the training and whose survival was promoted by learning, and the youngest population comprised newly born neurons generated 3 days before training or during the early phase of training that were spared by the apoptotic wave (8) . We have previously shown that these two events, adding and removing new neurons, are interrelated; thus, blocking of learning-induced apoptosis by zVAD blocks the increased survival of older neurons (8) . Here we show that zVAD also blocked the learning-induced increase in dendritic arbor complexity of these oldest newly born neurons (the survival of which is altered by zVAD), indicating competition between different neuronal populations for the supply of afferent-derived trophic factors and/or input influences that may stabilize neurons by activity generated in the course of learning. Taken together, these results indicate that learning regulates, in a homeostatic manner, the development of new neurons to maintain a precise quantitative relationship between neurons.
Dendritic arbor and spine densities represent mirror images of the available postsynaptic space and indirectly reflect the presence of inputs. The relationship between synaptic input and dendritic development has been extensively investigated; each neuron is innervated by an appropriate number of inputs, and each input innervates an appropriate number of neurons (27) . Dendritic development has been associated with the arrival of synaptic inputs acting like a trophic factor governing selective postsynaptic stabilization (13, 28) . Through enhanced network activity, inputs sculpt dendritic development by turning on the necessary dendritic differentiation programs (29) . Our results suggest that newborn neurons that survive in response to learning might be those that are successfully connected, with the development of their neo-dendrites modulated during learning by afferent-dependent activation. Thus, an increased complexity of the dendritic arbor, together with an increase in dendritic spines, could reflect increased connectivity of adult-born neurons in the dentate networks. Analysis of the normal developmental pattern of newborn neurons has shown that adultborn neurons receive functional glutamatergic depolarizing afferents within 1 month after their birth (22, 30, 31) . Interestingly, during epileptic crises, accelerated development of the dendritic arbor of adult-born neurons is associated with their accelerated electrophysiologic maturation (32) . Thus, the more developed dendritic organization observed in rats subjected to learning is most likely associated with better functional integration of adult-born neurons in the networks, a hypothesis that remains to be tested. However, other authors have suggested that the arrival of a presynaptic input could act as a stop-growth or stabilization signal for the postsynaptic dendritic arbor. This sprouting would allow the brain to compensate for low network activity (33) and might be an attempt by the brain to adapt (recovering or sparing) to function loss (34) . If this were the case, then a more complex dendritic organization should be associated with a loss of memory, and a less developed dendritic organization should be associated with a gain of function. But in fact the opposite was observed; alteration of reference memory was associated with low branching, whereas complex memory processing (L-DMP) was linked to high branching.
Compared with learning in the RM task, learning in the DMP task produced a major increase in dendritic arbor complexity in newborn neurons. In contrast, the increase in cognitive demand had no beneficial effect on newborn neuron survival. This finding reinforces the hypothesis that the neo-dendrites constitute an essential component for receiving and integrating incoming information. The marked effects of DMP compared with RM on dendritic arbor complexity are integrally linked to the fact that the animals were required to rapidly incorporate novel information into spatial representations of the environment. An alternative explanation could be that the effect on dendritic arborization in the DMP animals was due to the extra swimming during trial 1, meaning that the difference would be the result of physical exercise rather than learning per se. But we ruled out this hypothesis in a previous study by showing that swimming in the water maze without learning (yoked animals) or training (aged impaired rats) by itself left neurogenesis unchanged (8, 9) . Thus, rapid hippocampal encoding of novel information for rapid learning of a one-time experience is acting on the development of dendrites of newborn neurons. Moreover, this rapid onetrial learning is dependent on NMDARs, because animals that received APV (or MK801) showed a specific impairment on the second trial but could locate the new platform position within four trials in the same manner that controls animals did. In other words, they could build the cognitive map of the environment and use it, but they were impaired in learning new information as fast as controls did. Thus, it can be suggested that the increased complexity of the dendritic arbor in newborn neurons reflects a process aimed at rapidly elaborating an adaptative behavior.
Our results demonstrate that the blockade of NMDARs disrupts learning-induced changes in neurogenesis by impairing the homeostatic regulation of newborn cell numbers. Interestingly, these treatments did not disrupt basal neurogenesis, a finding consistent with some (35), but not all, previous studies (36, 37) . The discrepancy between these studies might be related to differences in drug regimens, species, strains, and sex, all of which are known to influence neurogenesis (2, 38) . The lack of effect on basal neurogenesis in the present study indicates specific impairment of learning-driven activity mediated by NMDAR activity.
One question that remains to be answered is how glutamate acts on new neurons, the survival of which is promoted by learning. NMDA antagonists might act directly on newborn neurons. Although the presence of NMDARs on dividing cells is controversial (19, 37) , these receptors have been shown to respond to changes in glutamate levels (39) . In vitro application of NMDA on hippocampal precursor cells increased neuronal differentiation, whereas treatment with the antagonist APV decreased neuronal differentiation. At a later developmental stage, adult-born neurons express NMDARs (19, 37) and functional glutamatergic afferents that have been described to occur in mice toward the end of the second week after birth (30, 31) . However, it has been recently shown that adult-born neuron maturation and functional recruitment into the dentate network is faster in rats compared with mice (38) and that glutamatergic afferents arrive earlier in rats, when newborn neurons are 10 days old (40), a time window consistent with our data. Thus, learning may accelerate the maturation of adult-born neurons by inducing proneural genes and/or by accelerating the arrival of glutamatergic inputs and their functional integration into the network, as has been described during epileptic crises (32) . Alternatively, NMDA antagonists could act indirectly on preexisting dentate neurons. On the one hand, reduced glutamate release from mature dentate glutamatergic neurons or other glutamatergic neurons impinging within the DG could be responsible for the observed effects on adult-born neurons. On the other hand, because GABAergic hilar interneurons are under glutamatergic control (41), a reduction in GABAergic signaling could be involved as well. Indeed, adult-born neurons first receive depolarizing GABA inputs that are known to promote the maturation of the new neurons (30, 31, 42, 43) . Further investigation is needed to elucidate the mechanisms through which glutamate regulates learning-induced changes in neurogenesis.
Our results illustrate environmental regulation of dendritic development in the adult DG. To the best of our knowledge, very few studies have examined the influence of spatial learning on structural plasticity in this brain area. An increase in spine density within the molecular layer (44) and a sprouting of the mossy fiber sprouting within the CA3 subfield (45, 46) are consistent with the effects reported here.
Given that the majority of synaptic input is received and integrated by dendritic arbors, and that the size and structure of these arbors determine their computational capabilities (47, 48) , our results suggest a strong link between the learning-dependent dendritic structural plasticity of adult-born neurons and memory. But adult-born neurons generated 1 week before spatial learning are not involved in ongoing learning, suggesting that they do not participate in memory encoding and consolidation (49) . A recent study demonstrated that young neurons are involved in memory retrieval (50); however, how immature neurons that do not participate in encoding and stabilizing a memory trace after the initial acquisition can sustain memory retrieval remains unknown. Here we hypothesize that, given that the effect of learning on the sculpting of dendritic arbors lasts for several months, selected adult-born neurons may be required for subsequent learning.
In conclusion, our results demonstrate that the development of the dendritic arborization-and its key receptive unit, the spines-of adult-born neurons is influenced by spatial learning and is dependent on the cognitive load on the hippocampus. This postnatal specification of networks by learning provides a potent modulator of plasticity for the adult brain to adapt to incoming information.
Experimental Procedures
Animals. Male Sprague-Dawleyratswere individuallyhousedandmaintainedona 12 h on/12 h off light/dark cycle, and experiments were carried out during the light cycle. To label newly born cells, rats were injected with BrdU (1 × 100 mg/kg i.p.).
Retrovirus-Mediated Labeling of New Neurons. The murine Moloney leukemia virus-based retroviral vector CAG-GFP has been described in detail (14) and is a gift from Drs. Gerald Pao and Inder Verma (Salk Institute).
Lentivirus-Mediated Labeling of Neurons. The lentivirus-based lentiviral vector, pTRIPΔU3-MND-Dsred2-WPRE (Dsred2-LV), was produced by transient transfection of 293T cells according to standard protocols (51) (SI Experimental Procedures).
Surgery. Rats were anesthetized with ketamine (60 mg/kg) and xylazine (7.5 mg/kg), and minipumps were implanted as described previously (15) (SI Experimental Procedures).
Behavioral Procedures. Reference Memory (L-RM) Procedure. Rats were trained in a water maze as described previously (8) . In brief, animals were required to locate the submerged platform in a fixed location using the spatial cues available within the testing room. They were all tested in four trials per day (90 s, with an intertrial interval of 30 s and beginning from three different starting points that varied randomly each day). The time to reach the platform was measured (Videotrack; Viewpoint). Delay-Matching to Place (DMP) Procedure. The protocol was based on a previous study (15) . Animals were trained to escape onto a hidden platform, the position of which was changed daily. Within a daily session, the platform's position was kept constant. The control group was composed of animals that were kept in the housing room for the duration of the entire experiment. The third DMP experiment (CSF/MK801 animals) used the Atlantis platform. The platform's position was changed daily as previously, but was made available only after 60 s on the first trial to keep the animals from finding the new position by chance.
Immunohistochemistry. Animals were perfused 1 day after the completion of the behavioral procedure. Free-floating sections (50 μm) were processed in a standard immunohistochemical procedure as described previously (8) .
Statistical Analyses. All data (mean ± SEM) were analyzed by the Student t test or by ANOVA followed by the Duncan test for individual group differences or the Fischer test for ANOVA with repeated measures. ) was determined on 293T cells as transducing units using serial dilutions of vector stocks.
Supporting Information
Surgery. Rats were anesthetized with ketamine (60 mg/kg) and xylazine (7.5 mg/kg), and minipumps were implanted. In brief, a stainless steel cannula (28 gauge) connected by a catheter to the minipump was implanted into the left ventricle (bregma AP, −0.4 mm; lateral, 1.3 mm; vertical, 5 mm below the surface of the skull). Alzet 2002 osmotic pumps were filled with either aCSF or D-APV (30 mM) or MK 801 (2 mM) and then implanted in the scapula. Animals were injected with BrdU on the day after surgery and then allowed to recover for 7 days. The infusion was started on the day before the first training day. For virus infusions, the tooth bar was set at 5.5 mm above the interaural zero; coordinates were +3 mm posterior to bregma, ±2.6 mm lateral, and −4 mm below the surface of the dura. Then 3 μL of viral solution was injected at a rate of 0.375 μL/min.
Immunohistochemistry. Free-floating sections (50 μm) were processed in a standard immunohistochemical procedure to visualize BrdU (1:100; Dako), HH3 (1/2,000; Cell Signaling), fractin (1/ 5,000; BD PharMingen), eGFP (1/500; BD PharMingen), and synaptophysin (1/500, Boehringer). The number of IR cells in the DG was estimated using the optical fractionation method. BrdUDcx and GFP-IR neurons were visualized as described previously (3) . Morphometric analysis of BrdU-Dcx and virus-labeled neurons was performed with a 100× objective using a semiautomatic neuron tracing system (Neurolucida; Microbrightfield). In brief, for each group, the neurons (at least 10 per brain) were selected based on the following criteria: neurons exhibited vertically orientated dendrites that extended into the dentate molecular layer, and dendrites of selected neurons had minimal overlap with the dendrites of adjacent cells, to allow unambiguous tracing of the dendritic tree. Data for various metric measurements, including cell body area, number of dendritic nodes, number of dendritic ends, and total dendritic length, were calculated. Then the spatial distribution of dendritic branches was analyzed using the concentric analysis of Sholl, performed using the Neuroexplorer component of the Neurolucida program. The data were reanalyzed by counting the number of occurrences of branch points in the dendritic arbor falling between concentric spheres separated by a fixed number of microns (25 μm).
The phenotype of BrdU-IR cells was examined by immunofluorescence double-labeling using rat anti-BrdU (1:500; Accurate Scientific) combined with a marker of mature neurons (NeuN, 1:1,000; Chemicon) revealed with, respectively, Cy3 goat anti-rat antibody (1:1,000; Jackson Laboratory) and Alexa-Fluor 488 goat anti-mouse (1:1,000; Invitrogen). At least 50 BrdU-IR cells per animal were analyzed using a confocal microscope (Leica DMR TCS SP2) with a plane apochromatic 63× oil lens (numerical aperture 1.4; Leica). All quantifications were performed by the same investigator, who was blinded to the experimental conditions.
For spine analysis, images of GFP-IR dendritic processes were acquired at 0.2-μm intervals with the SPE confocal system with a plane apochromatic 63× oil lens (numerical aperture 1.4; Leica) and a digital zoom of 2. Maximum projections of z-series were created with the Volocity software (Improvision). A 40-μm segment was traced on each dendrite, and the numbers of spines, lengths of spines, and sizes of the spine heads were determined. A total of 10 neurons from 5 rats from each group were analyzed (∼1,000 spines). . (E and F) Effects of zVAD and vehicle treatments on the number of nodes (F 3,25 = 11.91; P < 0.001) (E) and the number of ends of CldU-Dcx-IR dendrite cells (F 3,25 = 11.95; P < 0.001) (F). C, control (Veh, n = 6; zVAD, n = 6); L-RM, learning RM (Veh, n = 10; zVAD, n = 7); Vehicle, □; zVAD, ■. **P ≤ 0.01; ***P ≤ 0.001 compared with control Veh.°°P ≤ 0.01;°°°P ≤ 0.001 compared with zVAD group. Distance from soma (µm) 25 
